Vertebrate retinas contain endogenous circadian clocks that control many aspects of retinal physiology. Our work has focused on studying the molecular mechanism of this clock and the way in which it controls the many cellular rhythms within the retina. These studies focus on the retina of Xenopus laevis, a well-established model system extensively used for the study of both retinal physiology and circadian function. We have cloned Xenopus homologues of the genes thought to be critical for vertebrate clock function, including Clock, Bmal1, cryptochromes and period, as well as other rhythmic genes such as nocturnin. We have used these genes to manipulate the clock within different subsets of retinal photoreceptors via cell-specific promoters, in order to study the location of the clock within the retina. These in vivo experiments have shown that photoreceptor cells contain clocks that are necessary for the rhythmic production of melatonin. We have also used biochemical approaches to further investigate the molecular events that drive specific rhythmic outputs, such as circadian regulation of nocturnin gene transcription and control of post-transcriptional events within these clock-containing cells.
Retinal physiology changes markedly between day and night, resulting in daily rhythms of many cellular activities (1, 2) . These rhythmic events include patterns of gene expression, synthesis and secretion of neuromodulators such as melatonin and dopamine, disk shedding, cone retinomotor movements, and daily alterations in photoreceptor and horizontal cell synaptic structures. Rod-cone dominance and overall visual sensitivity also show rhythmicity. It is clear that the overall physiology of the retina is under careful temporal control. This is important for the normal homeostasis of the retina, and disruption of these regulatory patterns has been implicated in retinal dysfunction and degeneration. Work in a number of species has demonstrated that these changes are not simply due to acute effects of light or darkness, but are temporally controlled by endogenous retinal circadian clocks.
In the last few years, a great deal has been learned about the molecular mechanisms that comprise the vertebrate circadian clock (3) . The central core of the clock is composed of two interlocking transcription/translation feedback loops. Two bHLH-PAS-containing transcription factors, CLOCK and BMAL1, activate transcription of three period (per) genes and two cryptochrome (cry) genes. These gene products are translated and form a complex with casein kinase Ie/d, translocate into the nucleus, and repress CLOCK/BMAL1 transcriptional activity. In addition to playing a role in this negative-feedback loop, one of the gene products, PER2, also contributes to a second positive loop by enhancing transcription of the gene encoding BMAL1 through repression of the orphan nuclear receptor REV-ERBa (4) . Although much of the work on the clock mechanism in vertebrates has focused on the brain, it is now evident that the retinal clocks use the same general molecular mechanism. All these central clock components are expressed in the retina (2) and a mutation in one of the central clock components (casein kinase Ie) in the tau mutant hamster, produces similarly short periods in both behavioural rhythms and rhythms from cultured retinas (5).
Xenopus retinal rhythms
Xenopus laevis is an amphibian that is widely used for retinal studies because the retinas are well-suited to experimental manipulation. These retinas contain approximately equal numbers of rod and cone photoreceptors, and these cells are large. The isolated retinas continue to exhibit robust circadian rhythms in culture for many days and these rhythms can be reset by light, indicating that the entire circadian system is present in this tissue (6) . The rhythmic release of melatonin has served as a convenient measurement of the circadian clock in the retina, because it can be measured from culture media that is collected at intervals from living retinas (7) . This allows fine resolution assessment of the phase and period of the clock from individual, living tissues.
Despite the many advantages of carrying out these types of studies in Xenopus retinas, the system has suffered from the same problems as other retinal systems, in that mechanistic analysis has traditionally been difficult. Cell lines that maintain differentiated phenotypes have been difficult to achieve and it is often difficult to transfect these primary cultures efficiently. Furthermore, because the vertebrate retina is a complex tissue composed of layers of neurones with many connections and interactions, it is difficult to study function if the integrity of the tissue is not maintained. Many of these problems have been solved by the development of methods for producing transgenic Xenopus embryos (8) . In this method, foreign DNA is introduced directly into the sperm genome before fertilization by restriction enzyme-mediated integration. The transgenic sperm nuclei are then injected into oocytes, producing transgenic embryos that are nonmosaic and therefore do not have to be bred before analysis. Because the Xenopus retina is fully differentiated and the clock is fully functional by 5 days postfertilization (9) , analysis of the genetic manipulation can be performed very quickly. Furthermore, the transgenic embryos carrying promoter-reporter constructs show spatially, and temporally appropriate reporter-gene expression patterns. We and others have used a variety of retinal promoters to demonstrate that transgene expression can be targeted to specific cell types within the retina (10) (11) (12) .
Localization of the clock within the Xenopus retina
Many of the rhythmic physiologies that have been studied are photoreceptor cell events and, in Xenopus laevis, a clock exists within this cell layer (13) . This was shown by lesioning the retina to produce an enriched photoreceptor layer, which can be maintained in culture and continues to synthesize and release melatonin under the control of an endogenous circadian clock with high levels at night and low levels during the day (13) . However, because these experiments were done in reduced preparations, it was not known whether the photoreceptor clock was necessary to control melatonin rhythms in vivo in the context of other retinal cells, or whether the clock(s) in the photoreceptor layer was located in rods, cones or both cell types.
We have used the transgenic method to address the cellular location of the clock(s) within the intact retina. To do this, we generated a mutant form of the gene encoding the circadian transcription factor CLOCK (12) . Our mutant CLOCK is missing the normal transactivation domain [replaced by an in-frame green fluorescent protein (GFP)] and in heterologous cell culture prevents the normal activity of wild-type CLOCK, acting as a dominant-negative. This mutant form of CLOCK was then overexpressed in specific populations of retinal cells using the transgenic methodology, essentially acting as a targeted 'molecular lesion' of the circadian clock mechanism. Overexpression of this protein in both rods and cones resulted in arrhythmic melatonin production, indicating that the clock(s) in this layer are necessary for this rhythmic output (12) . Preliminary data from subsequent experiments using rod-or cone-specific promoters (rod opsin promoter and cone arrestin promoter, respectively) to drive the dominant-negative CLOCK indicate that these two classes of cells contribute differentially to melatonin rhythmicity, with the loss of a functional clock in rods resulting in a more severe phenotype than is observed with the loss of the clock in cones (Hayasaka, LaRue and Green, unpublished data). Further analysis of this and other rhythmic retinal outputs will be needed to determine whether the rod photoreceptor clocks control a broad spectrum of rhythms within the eye, or whether an assortment of clocks in different cell types are needed to drive the many different physiological changes that are observed.
Rhythmic control of gene expression
Despite the increased understanding about the clock mechanism and the recent localization of the retinal clocks that control melatonin production, little is known about the pathways by which these clocks control the cellular rhythms observed in the retina (or in other tissues). We have begun to address this by studying genes involved in rhythmic regulation in the retina of Xenopus laevis (14-16). During our initial molecular studies of the Xenopus retinal clock, we performed a high stringency screen for rhythmic genes in the retina (15) and isolated a novel photoreceptor-specific gene that we named nocturnin due to its high amplitude night-time expression (16) . Transcription of this gene occurs for only a few hours in the early night (with a peak about 2-4 h after the beginning of subjective night), both in cyclic light and in constant light or constant darkness. Expression of this message is restricted to the rod and cone photoreceptors within the Xenopus retina (15) .
Transcriptional regulation of nocturnin
The nocturnin promoter was analysed to define the elements that contribute to its spatially and temporally restricted transcription. Within the proximal 5 0 flanking sequence of the gene, immediately upstream of the transcription start site, we identified a series of three perfect repeats of a novel protein binding element which we named photoreceptor conserved element II (PCEII) (11) . The PCEII DNA element bound nuclear proteins isolated from Xenopus retina with high affinity but did not show significant binding to proteins isolated from other nonexpressing tissues. This trio of elements was sufficient to drive photoreceptor-specific transcription of the GFP reporter gene in transgenic Xenopus and mutation of these sequences resulted in loss of reporter gene expression in photoreceptors. Although this PCEII element is both necessary and sufficient for the precise spatial expression pattern of nocturnin, the transcription factor(s) that binds to these sequences is not known. This sequence is distinct from those identified in other known photoreceptor-specific genes (11) and may bind an as yet unknown photoreceptor-specific transcription factor.
In the search for elements that contribute to the temporal expression of nocturnin, we examined a sequence motif, immediately upstream of the three PCEII elements, that resembles an E-box. E-box elements bind to bHLH transcription factors and this particular class of E-boxes (group C; NACGTG) is often bound by bHLH-PAS proteins (17) , including the circadian clock proteins CLOCK and BMAL1 (18, 19) . As mentioned previously, the CLOCK/BMAL1 heterodimer is an integral part of the central circadian mechanism and drives rhythmic transcription of the per and cry genes in vertebrates through interactions with E-box elements in the promoters of those genes (3). Other rhythmic genes, such as arginine vasopressin (avp), D-element-binding protein (dbp) and arylalkylamine N-acetyltransferase (aa-nat) are also regulated by CLOCK/BMAL1 binding to E-box elements (20) (21) (22) (23) . However, the E-boxes characterized in these promoters all have the sequence CACGTG, whereas the nocturnin promoter contains the sequence GACGTG. In addition, the phase of the nocturnin transcription is different than these other CLOCK/BMAL1-driven genes in the Xenopus retina. Indeed, when we tested the E-boxlike sequence in the nocturnin promoter, we found that this element does not bind CLOCK/BMAL1 heterodimers in vitro and reporter genes driven by minimal promoters containing this element are not transactivated by CLOCK/BMAL1 (24) .
Further examination of this element by electrophoretic mobility shift assays (EMSAs) revealed that the protein binding site was comprised of a slightly larger region than just the six base pair Ebox-like sequence. The sequence necessary for binding to the protein complex from retinal cell nuclear extracts was 5 0 -GTGACGTG-3
0 (E-box-like portion is underlined), a sequence with significant similarity to the cyclic AMP response element (CRE) consensus sequence (5 0 -GTGACGTC-3 0 ). Addition of antibodies that recognize CRE binding protein (CREB) to the EMSA binding reaction resulted in supershifted complexes, confirming that the retinal nuclear protein complex that binds to this element contains CREB (24) . In addition, phosphorylated CREB can transactivate reporter gene transcription through this nocturnin element, indicating that this element is a functional CRE.
CREB has been implicated in the regulation of several circadian-related processes in other species and the close sequence similarity between CREs and the circadian E-box has led to speculation that these two elements are evolutionarily related (25) . Although the major proposed role for CREB in the clock has been the acute induction of the mper1 and mper2 genes during exposure to resetting pulses of light (26, 27) , a role for CREB in driving rhythmic gene expression has been suggested by the demonstration that a CRE-containing reporter gene cycles in mouse SCN (28) . Within the Xenopus retina, we observed robust rhythms of CREB phosphorylation within the photoreceptor cells, with a peak in the early to mid-night, similar to the phase of nocturnin transcription (24) . These data, together with the in vitro data, suggest that CREB is driving rhythmic nocturnin transcription (and perhaps other night-phased genes) through the modified CRE (Fig. 1) .
Nocturnin function
Examination of the deduced amino acid sequence of the nocturnin protein at the time it was originally isolated revealed that it was a novel gene product. The only recognizable protein motif was a leucine zipper-like domain present in the amino-terminus. Initial searches of the GenBank database revealed significant similarity to only one other known protein, a yeast protein called CCR4 (16) . The region of similarity corresponds to the carboxy-terminal 291 amino acids of nocturnin and the 335 C-terminal amino acids of CCR4 and is 31% identical and 49% similar. The CCR4 protein is a large (837-amino acid), well characterized transcriptional coactivator that is involved in transcriptional control of many genes in yeast (29) . It does not bind DNA directly, but interacts with other proteins through a 'leucine-rich' protein interaction domain that lies to the amino-terminus of the region similar to nocturnin. Recent additions to the databases have revealed many additional members of the family of 'CCR4-like proteins' from yeast, Candida elegans, Drosophila and mammals (including humans), and phylogenetic analysis suggests that many of these are true orthologs of nocturnin (30) .
To gain some insight into the function of the nocturnin protein, we utilized a protein database search program called FIG. 1. Model for proposed mechanism for spatial and circadian regulation of nocturnin transcription. Three elements (PCEII) in the proximal promoter of the nocturnin gene are necessary and sufficient for photoreceptor expression in Xenopus and these elements bind to unknown photoreceptor-specific nuclear proteins. Another protein binding element (cyclic AMP response element, CRE) upstream of the PCEII elements binds to CRE binding protein (CREB) and phosphorylated CREB. Phospho-CREB levels within the photoreceptor cells are strongly rhythmic with high levels at a time when nocturnin transcription is high. This suggests that the rhythmic transcription of nocturnin is driven by clock control of CREB phosphorylation.
Position-Specific Iterated BLAST (PSI-BLAST) (31, 32) . This program uses a gapped-BLAST search to identify proteins with a level of similarity that exceeds a preset threshhold value. It then generates a multiple alignment of these proteins and produces a profile from the alignments which it uses to research the database. This whole process can then be reiterated an arbitrary number of times or until convergence. This program is designed to reveal similarities that are weak, yet biologically significant. It has been successful in uncovering protein relationships that are subtle and were previously detectable only from three-dimensional structural information (32) .
We performed a PSI-BLAST search and identified a protein with significant similarity (E ¼ 6 Â 10 À4 ) to nocturnin that was not identified in the original traditional BLAST searches. In mammals, this protein has been called by multiple names including Ape1 (apurinic endonuclease), Ref-1 (redox factor-1), APEX and Hap-1. Similar proteins have been found in many species including Drosophila (Rrp1)and Arabidopsis (Arp); and are closely related to the bacterial Exonuclease III (33) . These proteins are apurinic/apyrimidinic endonucleases, involved in DNA repair (in the base excision repair pathway). A great deal is known about the Ape1 protein structure and activity through numerous site-directed mutagenesis studies and by solving the crystal structure of this protein (34) . This information revealed that although the overall similarity between nocturnin and Ape1 is low (18% identity, 27% similarity), the regions of similarity correspond to sequences that are critical for structure or function of this family of proteins (Fig. 2) . These conserved amino acids are also conserved in the nocturnin orthologs in other species and in the entire family of CCR4-like sequences.
The nocturnin sequence has been compared to the crystal structure of Ape1 and overall it 'threads' well indicating structural similarities (35) . All deletions or insertions correspond to loop regions in the Ape1 structure and the essential features of the Ape1 structure, such as the alpha helical regions on either side and the double beta-sheeted core appear to be conserved in nocturnin. The biggest difference in the two sequences is the deletion in the nocturnin sequence corresponding to the alpha 10 helix. Nocturnin contains two proline residues instead and this may indicate that the external loop of Ape1 that contains this small helix is missing from the nocturnin structure. These similarities, both at the sequence and the structural level, have resulted in the definition of a new family of proteins with similarity to Ape1 that includes nocturnin and other CCR4-like proteins (30) .
Despite the conservation of residues critical for activity or structure, none of the amino acids implicated in recognizing the basic sites and binding to the DNA during repair are conserved in nocturnin (Fig. 2) . This indicated that although nocturnin probably has nuclease activity of some kind, it probably does not use abasic DNA as a substrate; and we confirmed that unlike ApeI, recombinant nocturnin does not exhibit nuclease activity in vitro when presented with abasic DNA as a substrate (Baggs and Green, unpublished data). It is interesting to note that cryptochromes, another group of proteins with close evolutionary relationships to DNA repair (but without DNA repair activity themselves), are an integral part of the circadian clock mechanism in vertebrates.
Recent insight into the nocturnin's substrate came from studies in yeast that demonstrated that the C-terminal domain of CCR4 possessed deadenylase activity (36) (37) (38) . Deadenylases are the   FIG. 2 . Alignment of nocturnin and Ape1 shows conservation of residues important for catalytic function and tertiary structure, but not for substrate interaction. Xenopus nocturnin sequence (from amino acid 28 to the C-terminus; accession #AAB39495) is shown on the top of each row and human ApeI sequence (from amino acid 22 to the C-terminus: accession #P27695) is shown in lighter grey on the bottom of each row. Dashes within each sequence represent introduced gaps to maximize the alignment. Positions of identity or similarity between the two sequences are shown in black, in between the nocturnin and ApeI sequences, as a single letter amino acid abbreviation or a 'þ', respectively. Dashes in this row indicate lack of similarity or identity at those positions. Black diamonds below the ApeI sequence indicate amino acids that are involved in tertiary structure, enzymatic activity, or are involved in stabilizing catalytic residues. Black dots indicate residues in ApeI that are involved in DNA-phosphate backbone interactions (note that these are not conserved in nocturnin). RNA-specific nucleases that degrade poly(A) tails from the 3 0 -end of mRNAs, which is a highly regulated step in mRNA turnover (39) . Although regulated mRNA degradation is a critical control point in numerous aspects of cell function, little is known about the enzymes that determine specific mRNA half-life in vertebrates.
Although we do not know whether it plays a role in the central clock mechanism, input or output pathways, the potential role of nocturnin as a deadenylase is particularly interesting in light of its precisely controlled circadian rhythm of expression. A requirement for regulated mRNA degradation as part of the clock mechanism has been suggested, both by the obvious need for short lived messages in order to produce rhythmic expression profiles, and by direct experimental or mathematical analyses of clock-relevant gene expression (40) (41) (42) . Further studies on the precise role of nocturnin in the Xenopus retinal circadian clock may provide an inroad into circadian post-transcriptional regulatory mechanisms that are relevant to clocks from many species.
